Featured Application: The proposed approach may pave a way towards the practical applications of metasurfaces in the microwave band.
Introduction
Metamaterials have attracted a growing amount of attention for their fascinating physical properties [1, 2] , which could be utilized in research and practical applications. Currently, wavefront manipulation based on metamaterials has become a hot research area, due to their artificial engineered properties and small sizes. However, wavefront engineering based on multilayered three dimensional metamaterials suffers from many drawbacks [1] [2] [3] [4] , such as low efficiency and costly fabrication, restricting its development and application. To overcome these drawbacks, metasurfaces [5] [6] [7] , a kind of 2D metamaterial, have been introduced, by arranging an array of periodic and quasi-periodic subwavelength antennas on a planar substrate to generate abrupt phases or amplitudes of the incident wave.
Based on this concept, many metasurfaces have been proposed to obtain various kinds of wavefront shaping, including anomalous refraction [8] , reflection [9] , vortex wave generation [10] [11] [12] , and focusing [13] [14] [15] . These metasurfaces can be classified into two categories, according to their working mechanisms. The first is transmissive metasurfaces [16] [17] [18] , where the efficiency is a major concern, due to the intrinsic absorption loss in materials. The second is reflective metasurface [19, 20] , which could avoid absorption and usually exhibit a higher efficiency. In 2011, Yu et al. firstly utilized a V-shaped antenna to realize an anomalous reflection based on a phase gradient metasurface [21] .
Following their pioneering work, researchers have devoted extensive efforts into developing reflective metasurfaces with tailored phase distributions for wavefront shaping [22] [23] [24] [25] [26] [27] [28] [29] . However, most of the previous investigations focus on the isotropic reflective metasurface, hindering the application of metasurfaces in the manipulation of light with different polarizations. Therefore, several anisotropic metasurfaces have been demonstrated to tailor the reflective wavefront under illumination with different polarizations in visible, infrared, and THz regions [30] [31] [32] . More recently, researchers have brought the anisotropic reflective metasurface into the microwave regime to realize the polarization-dependent manipulation of microwaves for wireless communication [33] .
In this work, an ultrathin anisotropic reflective metasurface is proposed to independently control the wavefront of x-and y-polarized waves at a frequency of 15 GHz, with high efficiency. The anisotropic metasurface is composed of three layers, including a square metal ring with a cross resonator, a dielectric substrate, and a metal ground. The anisotropic responses for reflective x-and y-polarized waves are realized by engineering the geometry of the metallic cross resonator. Based on this anisotropic metasurface, a pure polarization beam splitter can be achieved under a quasi-plane wave incidence. Moreover, the principle of the independent manipulation of x-and y-polarized microwaves is extended to focusing x-and y-polarized components to different positions. The simulation results are in good agreement with the theoretical design. The proposed anisotropic metasurface may have great prospects in the practical application of microwave antennas.
Design Principle and Simulation Method
To illustrate the design principle of our approach, Figure 1 schematically shows a unit cell of the proposed anisotropic metasurface, which is composed of a square metal ring with a cross resonator, a dielectric substrate, and a back metal-ground. The square metal ring is used to modulate the phase response of the unit cell to cover a wide range. The metal cross resonator is designed to control the phase of x-and y-polarized reflections independently by varying the geometric sizes of the transverse and vertical rods, respectively. The dielectric substrate sustains the metal ring and the cross resonator. The metal-ground is used to effectively reflect microwave back to free space. The top and bottom panels of Figure 1a are the perspective views of the unit cell from the front and back, respectively. Figure 1b shows the detailed front view of a unit cell with geometrical parameters. To demonstrate the anisotropic response of the unit cell for different polarized incident microwaves, Figure 2 shows the reflective coefficient S11 of the proposed metasurface at a frequency of 15 GHz as a function of dx and dy. Figure 2a ,b shows the amplitude and phase of S11 under xpolarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. The results indicate a large amplitude over 0.98, and a phase shift of about 320° with varying dx, while S11 is independent on dy. Figure 2c,d shows the amplitude and phase of S11 under y-polarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. It is shown that the dependence of S11 under ypolarized incidence on dx and dy is similar to that of under x-polarized on dy and dx, respectively, due to the symmetry of the proposed metasurface. Overall, the local phase for x-and y-polarized microwaves can be independently tailored by controlling the geometrical parameters, which is called the double-phase modulating mechanism. A numerical simulation is performed by using CST Microwave Studio (2015, CST China Ltd., Shanghai, China). The period boundary condition and the absorbing boundary condition are set in the x/y and z directions to save memory, and to reduce simulation time, respectively. The unit cell is illuminated by a plane wave propagating along the backward direction (from +z to −z) with x-and y-polarization. To acquire a wide phase coverage (at least 280 • ), the geometrical parameters are optimized, and ultimately listed as follows: p = 7 mm, w = 1.2 mm, w1 = 0.2 mm. The thickness of the proposed unit cell h is 1 mm, and approximately equal to 1/20 of the wavelength, at a frequency of 15 GHz. The dielectric substrate is set as FR4, with a relative permittivity of 4.3 and a loss tangent of 0.001 [31] . The metal is approximately set as a perfect electric conductor (PEC) for simulation convenience. The incident microwave source is a plane wave propagating along the z-axis with x/y polarization.
To demonstrate the anisotropic response of the unit cell for different polarized incident microwaves, Figure 2 shows the reflective coefficient S 11 of the proposed metasurface at a frequency of 15 GHz as a function of dx and dy. Figure 2a ,b shows the amplitude and phase of S 11 under x-polarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. The results indicate a large amplitude over 0.98, and a phase shift of about 320 • with varying dx, while S 11 is independent on dy. Figure 2c,d shows the amplitude and phase of S 11 under y-polarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. It is shown that the dependence of S 11 under y-polarized incidence on dx and dy is similar to that of under x-polarized on dy and dx, respectively, due to the symmetry of the proposed metasurface. Overall, the local phase for x-and y-polarized microwaves can be independently tailored by controlling the geometrical parameters, which is called the double-phase modulating mechanism. To demonstrate the anisotropic response of the unit cell for different polarized incident microwaves, Figure 2 shows the reflective coefficient S11 of the proposed metasurface at a frequency of 15 GHz as a function of dx and dy. Figure 2a ,b shows the amplitude and phase of S11 under xpolarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. The results indicate a large amplitude over 0.98, and a phase shift of about 320° with varying dx, while S11 is independent on dy. Figure 2c ,d shows the amplitude and phase of S11 under y-polarized incidence, with dx and dy varying from 4 mm to 6.5 mm, respectively. It is shown that the dependence of S11 under ypolarized incidence on dx and dy is similar to that of under x-polarized on dy and dx, respectively, due to the symmetry of the proposed metasurface. Overall, the local phase for x-and y-polarized microwaves can be independently tailored by controlling the geometrical parameters, which is called the double-phase modulating mechanism. As mentioned above, the square metal ring could increase the coverage of the phase response of the unit cell. To demonstrate, the amplitude and phase of reflective coefficient S 11 for the unit cell with and without the square ring are compared in Figure 3 . Here, dy is fixed 4.5 mm and dx is varying from 4 mm to 6.5 mm. Figure 3a ,c shows that the reflective amplitude is always over 0.98 with and without the square ring, respectively, indicating the proposed structure is high efficiently. Figure 3b shows that the phase shift of S 11 for the proposed structure under x-polarized incidence covers a broad angle range of 320 • (from −45 • to −365 • ). In contrast, Figure 3d shows that the phase shift of S 11 for the structure without the square ring merely covers an angle range of 300 • (from −63.9 • to −365 • ) under x-polarized incidence. For the cases under y-polarized incidence (red lines), both the amplitude and phase are independent on dx. In addition, it is easy to understand that the dependence of phase shift on dy is opposite, due to the structural symmetry. Therefore, these results clearly demonstrate that the metal square ring can effectively extend the ability of the proposed structure to manipulate the reflective phase.
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Note that, the reflective phase covers only 320°, and it cannot reach a perfect coverage of 360°. To minimize the deviation during the metasurface design, we can choose the cell with a relative phase of 320° and 360° (0°) to approximate that with a phase of 320°~340° and 340°~360°, respectively. According to the analysis above, it can be concluded that the anisotropic metasurface cell can be used to manipulate the wavefront of the x-and y-polarized waves independently, by changing the geometric parameters of dx and dy, respectively. In the following, we will manifest the proposed metasurface as a good candidate for polarization-dependent wavefront shaping by investigating two proof-of-concept examples, i.e., a reflective polarization beam splitter and a focusing lens. 
Results and Discussion
Based on the proposed anisotropic metasurface, a linear polarization beam splitter is firstly designed to independently deflect x-and y-polarized waves at opposite oblique angles of −28.4° and 28.4° in the x-z plane, by engineering the phase gradient along the x-direction, respectively. As is well Note that, the reflective phase covers only 320 • , and it cannot reach a perfect coverage of 360 • . To minimize the deviation during the metasurface design, we can choose the cell with a relative phase of 320 • and 360 • (0 • ) to approximate that with a phase of 320 •~3 40 • and 340 •~3 60 • , respectively. According to the analysis above, it can be concluded that the anisotropic metasurface cell can be used to manipulate the wavefront of the x-and y-polarized waves independently, by changing the geometric parameters of dx and dy, respectively. In the following, we will manifest the proposed metasurface as a good candidate for polarization-dependent wavefront shaping by investigating two proof-of-concept examples, i.e., a reflective polarization beam splitter and a focusing lens.
Based on the proposed anisotropic metasurface, a linear polarization beam splitter is firstly designed to independently deflect x-and y-polarized waves at opposite oblique angles of −28.4 • and 28.4 • in the x-z plane, by engineering the phase gradient along the x-direction, respectively. As is well known, for a surface with phase gradient of ∂Φ/∂x along the interface, the reflected beam can be described by generalized Snell's law, as follows [2] :
where θ r and θ i are the angles of reflection and incidence, respectively. λ 0 is the incident wavelength in a vacuum. n i is the refractive index of the incidence space, which equals 1 in our case. Therefore, we select six cells with different geometric parameters to satisfy the phase gradient, achieving linear polarization beam splitting. Table 1 summarizes the sizes and phase distributions of the six unit cells along the x-axis, where n is the number of the unit cell, and Φ x and Φ y are the phase response of the cells for incident x-and y-polarized waves, respectively. The phase gradient for x-and y-polarization are −60 • and 60 • , therefore resulting in reflection angles of −28.4 • and 28.4 • , respectively. In addition, for the sake of a better result, we design a beam splitter consisting of 3 × 2 element arrays of the supercell. Figure 4a ,b schematically shows the supercell and the prospect view of our designed beam splitter, respectively. To simulate, the periodic boundary condition is set only in the y direction, while the open boundary condition is used in both x and z directions [31] . The incidence is set as a waveguide port, irritating the quasi-plane wave. described by generalized Snell's law, as follows [2] :
where r θ and i θ are the angles of reflection and incidence, respectively. 0 λ is the incident wavelength in a vacuum. i n is the refractive index of the incidence space, which equals 1 in our case.
Therefore, we select six cells with different geometric parameters to satisfy the phase gradient, achieving linear polarization beam splitting. Table 1 summarizes the sizes and phase distributions of the six unit cells along the x-axis, where n is the number of the unit cell, and x Φ and y Φ are the phase response of the cells for incident x-and y-polarized waves, respectively. The phase gradient for x-and y-polarization are −60° and 60°, therefore resulting in reflection angles of −28.4° and 28.4°, respectively. In addition, for the sake of a better result, we design a beam splitter consisting of 3 × 2 element arrays of the supercell. Figure 4a ,b schematically shows the supercell and the prospect view of our designed beam splitter, respectively. To simulate, the periodic boundary condition is set only in the y direction, while the open boundary condition is used in both x and z directions [31] . The incidence is set as a waveguide port, irritating the quasi-plane wave. To depict the phenomenon of the polarization beam splitting, the near-field distributions of the electric field for the x-and y-polarized waves are plotted in Figure 5a ,b, respectively. Both polarization components are not reflected normally, but at an oblique angle of −28.4° and 28.4° for the x-and y-polarized waves, respectively. This is in a good agreement with the theoretical value of generalized Snell's law. In addition, the return loss of the polarization beam splitter at the incident port is shown in Figure 5c , presenting the dips lying at around 15 GHz for both the x-and y-polarized waves. It indicates that the energy is deflected at oblique angles, and it does not return to the incident port. Thus, it is further demonstrated in that the anisotropic metasurface has a great potential in the application of microwave polarization manipulation. It should be noted that the deviation of the simulated x-polarized wave from the theoretical design results from the coupling along the x-axis between the neighboring unit cells. To depict the phenomenon of the polarization beam splitting, the near-field distributions of the electric field for the x-and y-polarized waves are plotted in Figure 5a ,b, respectively. Both polarization components are not reflected normally, but at an oblique angle of −28.4 • and 28.4 • for the x-and y-polarized waves, respectively. This is in a good agreement with the theoretical value of generalized Snell's law. In addition, the return loss of the polarization beam splitter at the incident port is shown in Figure 5c , presenting the dips lying at around 15 GHz for both the x-and y-polarized waves. It indicates that the energy is deflected at oblique angles, and it does not return to the incident port. Thus, it is further demonstrated in that the anisotropic metasurface has a great potential in the application of microwave polarization manipulation. It should be noted that the deviation of the simulated x-polarized wave from the theoretical design results from the coupling along the x-axis between the neighboring unit cells. Appl. Sci. 2018, 8, x 6 of 10 Based on the results above, we additionally design a polarization-dependent focusing metasurface to focus on the x-and y-polarized waves at different positions. By employing the proposed structure, metasurfaces with a hyperboloidal phase distribution can tailor the reflective wavefront and convert the spherical wave to a plane wave, or focus the plane wave at a point. It is widely known that the hyperboloidal phase distribution based on Fermat's principle can be described as follows [31] :
where 0 λ and L are the incident wavelength and focal length, respectively; ( , ) ϕ x y and 0 ϕ are the phase in the arbitrary position (x, y) and the original phase on the metasurface, respectively. To achieve polarization-dependent focusing, different hyperboloidal phase distributions need to be arranged for x-and y-polarized waves, as shown below [31] .
where 1 ξ and 2 ξ are extra linear-phase gradient responses along the x-and y-directions, to enable anomalous focusing for incident x-and y-polarized waves, respectively. x ( , ) ϕ x y and y ( , ) ϕ x y are the rearranged phase distributions at the metasurface for the incident x-and y-polarized waves, respectively. From Equations (5) and (6), if the incidence is a plane wave with both the x/ycomponents, it can be converted to spherical waves and focused at the target spot for x/y-polarization. Based on the designing principle, we artificially engineer different hyperbolical phase profiles for x/ypolarized waves on the metasurface by 19 × 19 cells, as schematically presented in Figure 6a . In addition, the phase distributions for the x-and y-polarized waves is plotted in Figure 6b Based on the results above, we additionally design a polarization-dependent focusing metasurface to focus on the x-and y-polarized waves at different positions. By employing the proposed structure, metasurfaces with a hyperboloidal phase distribution can tailor the reflective wavefront and convert the spherical wave to a plane wave, or focus the plane wave at a point. It is widely known that the hyperboloidal phase distribution based on Fermat's principle can be described as follows [31] :
where λ 0 and L are the incident wavelength and focal length, respectively; ϕ(x, y) and ϕ 0 are the phase in the arbitrary position (x, y) and the original phase on the metasurface, respectively. To achieve polarization-dependent focusing, different hyperboloidal phase distributions need to be arranged for x-and y-polarized waves, as shown below [31] .
where ξ 1 and ξ 2 are extra linear-phase gradient responses along the x-and y-directions, to enable anomalous focusing for incident x-and y-polarized waves, respectively. ϕ x (x, y) and ϕ y (x, y) are the rearranged phase distributions at the metasurface for the incident x-and y-polarized waves, respectively. From Equations (5) and (6), if the incidence is a plane wave with both the x/y-components, it can be converted to spherical waves and focused at the target spot for x/y-polarization. Based on the designing principle, we artificially engineer different hyperbolical phase profiles for x/y-polarized waves on the metasurface by 19 × 19 cells, as schematically presented in Figure 6a . In addition, the phase distributions for the x-and y-polarized waves is plotted in Figure 6b ,c, respectively. In these designs, we set the focal length L = 40 mm, ϕ 0 = −345.6 • , and the incident wavelength λ = 20 mm. The phase gradient ξ 1 and ξ 2 are set as −π/(3p) and π/(3p), respectively. Thus, the position of the designed focusing metasurface is (22, 0) and (0, −22) mm for the x-and y-polarized waves, respectively. To investigate the polarization-dependent focusing ability, we perform numerical simulations by using CST Microwave Studio, where the absorbing boundary condition was applied at all boundaries. Figure 7a ,b shows the near-field distributions of electric intensity in the x-y plane for the x-and y-polarized waves, respectively, demonstrating a perfect polarization-dependent focusing effect. In addition, Figure 7c ,d are the near-field distributions of electric intensity in the x-z and y-z planes for the x-and y-polarized waves, respectively. The position of the deflective focusing spot in the x-y plane (z = 40 mm) is approximately (29, 0) and (0, −29) mm for the x-and y-polarized waves, respectively. The difference in the focusing position between the theory and simulation is attributed to a phase convergence of merely 320 • and the coupling effect between neighboring unit cells. To some extent, the simulation results agree well with the theoretical result. Figure 7e ,f plots the extract field intensity at the focal plane along the x-and y-axis, respectively, further verifying the ability of the polarization-dependent wavefront shaping of the proposed metasurface. To investigate the polarization-dependent focusing ability, we perform numerical simulations by using CST Microwave Studio, where the absorbing boundary condition was applied at all boundaries. Figure 7a ,b shows the near-field distributions of electric intensity in the x-y plane for the x-and y-polarized waves, respectively, demonstrating a perfect polarization-dependent focusing effect. In addition, Figure 7c ,d are the near-field distributions of electric intensity in the x-z and y-z planes for the x-and y-polarized waves, respectively. The position of the deflective focusing spot in the x-y plane (z = 40 mm) is approximately (29, 0) and (0, −29) mm for the x-and y-polarized waves, respectively. The difference in the focusing position between the theory and simulation is attributed to a phase convergence of merely 320° and the coupling effect between neighboring unit cells. To some extent, the simulation results agree well with the theoretical result. Figure 7e ,f plots the extract field intensity at the focal plane along the x-and y-axis, respectively, further verifying the ability of the polarization-dependent wavefront shaping of the proposed metasurface. 
Conclusions
In conclusion, we have numerically proposed an ultra-thin anisotropic metasurface for polarization-dependent wavefront shaping at a frequency of 15 GHz in the microwave range. All simulations have been performed by using CST Microwave Studio. We have first demonstrated that the response of the proposed metasurface for orthogonal polarized waves can be independently manipulated at a frequency of 15 GHz with high efficiency via engineering of the geometric Figure 7 . Electric distribution in the x-y plane at z = 40 mm for (a) x-(b) y-polarized incident waves. Electric distribution in the x-z and y-z planes for (c) x-(d) y-polarized incident waves, respectively. Intensity profile at a focus spot along the (e) x-(f) y-axis for incident x-and y-polarized waves.
In conclusion, we have numerically proposed an ultra-thin anisotropic metasurface for polarization-dependent wavefront shaping at a frequency of 15 GHz in the microwave range. All simulations have been performed by using CST Microwave Studio. We have first demonstrated that the response of the proposed metasurface for orthogonal polarized waves can be independently manipulated at a frequency of 15 GHz with high efficiency via engineering of the geometric parameters of the metal cross. In addition, two proof-of-concept examples have been designed and investigated. First, a polarization beam splitter has been achieved under the excitation of the waveguide port. Second, polarization-dependent focusing based on an anisotropic metasurface has been also investigated. The proposed design paves the way for the design of efficient metasurfaces in microwave applications and wireless communication.
